Background. The control of Leishmania braziliensis by individuals with subclinical infection (SC) are unknown. Methods. A cohort of 308 household contacts (HCs) of patients with cutaneous leishmaniasis (CL) was established in 2010 in an endemic area and followed up for 5 years. Whole-blood cultures stimulated with soluble Leishmania antigen and a Leishmania skin test (LST) were performed in years 0, 2, and 4. The identification of the lymphocyte subsets secreting interferon (IFN) γ and the ability of monocytes to control Leishmania were determined.
Cutaneous leishmaniasis (CL) is the most common clinical presentation of tegumentary leishmaniasis caused by Leishmania (Viannia) braziliensis [1] . The lesions are typically characterized by a single ulcer with raised borders predominantly located in the lower limbs. The delayed-type hypersensitivity test to soluble Leishmania antigen (SLA), the Leishmania skin test (LST), has a high sensitivity for the diagnosis of CL and is also used to identify individuals exposed to the parasite in the absence of disease [2] [3] [4] . Of healthy individuals without a history of CL living in endemic areas, 10%-15% have a positive LST result [3, 5] . More recently, we showed that in vitro interferon (IFN) γ production increases the sensitivity to detect exposure to L. braziliensis [6] . Individuals with a positive LST result or evidence of IFN-γ production without clinical manifestations of CL are classified as having subclinical (SC) L. braziliensis infection [6] [7] [8] .
The main mechanism of Leishmania killing is macrophage activation induced by IFN-γ [9] [10] [11] . The importance of a T-helper 1 immune response to control parasite growth and dissemination is well documented in leishmaniasis [12, 13] . However, in L. braziliensis infections, the parasite persists, and both CD4 + and CD8 + T-cell activation have been linked to disease [14, 15] .
There is a direct correlation between the frequency of CD4 + T cells expressing IFN-γ and tumor necrosis factor (TNF) and the size of the ulcer [14] . Moreover, IFN-γ and TNF levels are higher in mucosal leishmaniasis than in CL [16] . Finally, there is a direct correlation between the frequency of CD8 + T cells and CD8 + T cells expressing granzyme and the intensity of the inflammatory response in CL ulcers [17] . Because individuals with SC infection produce less IFN-γ, TNF, and granzyme B than patients with CL [18] , one possibility is that control of L. braziliensis infection in these subjects is related to the innate immune response.
To better understand the immunologic factors involved in the protection against disease due to L. braziliensis, we established a cohort in 2010 of household contacts (HCs) of patients with CL who had no personal history of CL. In the present study, we determined the incidence of CL and identified host factors associated with SC infection or CL in subjects exposed to L. braziliensis.
rates of CL in Brazil. The cohort was established in January 2010, with HCs of 76 index case patients with a diagnosis of CL, within 1 year before the initiation of the study. At that time, 533 HCs were identified. Of those, 225 were excluded from the study, 204 with a history of CL and 21 who could not be located. Therefore, 308 individuals without a history of CL participated in this study ( Figure 1 ).
Experimental Design
The 308 participants received an identification card, a history of CL was obtained, and a physical examination was performed, looking for cutaneous ulcers and scars indicative of CL. Subjects were instructed to seek medical attention at the Health Center of Corte de Pedra if lymphadenopathy, papular lesions, or cutaneous ulcers developed. In addition, 1 visit was performed annually for active surveillance of CL. Those suspected of having CL had the diagnosis confirmed by parasite isolation or a positive polymerase chain reaction result for L. braziliensis [19] .
At study entrance, LST and in vitro cytokine production were performed. These immunologic studies were repeated at years 2 and 4. We determined the source of IFN-γ in a convenience sample of a limited subset of HCs who produced IFN-γ and remained free of disease. In addition, we evaluated the ability of the monocytes to control L. braziliensis in a subset of HCs with evidence of immune response that remained free of the disease and in HCs who developed CL. Of the 308 HCs, 19 underwent immunologic studies only in the first 2 evaluations, and 15 had immunologic data only for the first evaluation because of refusal to undergo blood collection (n = 21) or relocation to another town (n = 13). Patients who relocated were contacted by phone to inquire about the presence of CL lesions. CL developed in none of these 34 subjects during follow-up. This research was approved by the Ethics Committee of the Federal University of Bahia and the Weill Cornell Medical College Institutional Review Board. Informed consent was obtained from each participant or his or her parents.
LST and In Vitro Cytokine and Chemokine Production
The LST was conducted using SLA, as described elsewhere [20] . The reaction was considered positive when the diameter was ≥5 mm. For cytokine production, heparinized peripheral blood (10 mL) was collected immediately before the LST. Aliquots of 1 mL of whole blood were dispensed into a 24-well tissue plate. Cultures were left unstimulated or were stimulated with SLA at 10 µg/mL and incubated at 37°C at 5% carbon dioxide (CO 2 ) for 72 hours. Plasma supernatants were collected and the levels of IFN-γ, interleukin 10, CXCL9, and CXCL10 were quantified by means of enzyme-linked immunosorbent assay, using commercially available reagents (BD OpTEIA). Results were obtained using the plate reader Emax (Molecular Devices) and expressed in picograms per milliliter.
Subjects were censored at the time of development of CL. If there was evidence of exposure to L. braziliesis, the last available chemokine values were analyzed. Similarly, the last available chemokine levels were analyzed for subjects without evidence of exposure to L. braziliensis. /mL) were stimulated with SLA (5 μg/mL) and cultured at 37°C and 5% CO 2 for 6 hours. Monensin (Sigma) was added at 25 µmol/mL during the last 4-5 hours of culture to inhibit protein transportation. Cells were then harvested, stained with fluorochrome-conjugated anti-human CD56, CD8, and CD4 antibodies (BD Biosciences) for 20 minutes, washed, fixed, and permeabilized, as described elsewhere [14] . Cells were stained for IFN-γ for 30 minutes, washed with Perm/Wash (BD Biosciences) buffer and resuspended in phosphate-buffered saline (pH 7.2) plus 1% bovine albumin. A minimum of 500 000 events were evaluated for each sample. A FACS Canto II flow cytometer (BD Pharmingen) was used, and analysis was performed using FlowJo software version X (Tree Star).
Evaluation of L. braziliensis Control by Monocytes
An isolate of L. braziliensis was cultured in Schneider medium supplemented with fetal bovine serum (FBS). Peripheral blood mononuclear cells (1 × 10 6 cells per tube) from individuals with SC infection and patients with CL were infected with L. braziliensis promastigotes in the stationary phase at a ratio of 5:1 cells and incubated at 37°C in 5% CO 2 . After 2 hours, extracellular parasites were removed after centrifugation. 
RESULTS

Demographic, Epidemiologic and Immunologic Features of HCs of CL Patients According to Disease Outcome
Of the 308 HCs, 45 developed CL, 101 had SC L. braziliensis infection, and 162 had no evidence of exposure to L. braziliensis. Table 1 summarizes the demographic, epidemiologic, and immunologic features of the 3 groups of subjects. Subjects who developed CL were younger than the others groups and were predominantly students. Production of CXCL9 and CXCL10 in cultures stimulated with L. braziliensis was higher (P < .005) in those who had evidence of exposure to L. braziliensis, independent of the outcome of the infection. 
Incidence of Cutaneous Leishmaniasis According to the Immunologic Response to Leishmania Antigen
We calculated the incidence of CL according to the immune response to SLA: IFN-γ production, positive LST results, and both negative LST and negative IFN-γ results (Table 2 ). This analysis showed that although the risk of developing CL was similar in the LST-positive and LST-negative/IFN-γ-negative groups, the risk was reduced by 85% in those who had only IFN-γ production when compared with the group without evidence of immune response. When we compared the frequency of CL in HCs who were IFN-γ positive with those who were LST positive, HCs who were LST positive had a 6.2-fold greater chance of developing CL than those who had only IFN-γ production.
Analysis of Cell Source of IFN-γ
Flow cytometry analysis was conducted to determine the source of IFN-γ in subjects who developed SC infection and belonged to the IFN-γ-positive/LST-negative group and in patients with CL ( Figure 3 The monocytes from individuals with SC infection and patients with CL were infected with L. braziliensis, and the number of infected cells and the parasite load were evaluated using optical microscopy ( Figure 4 ). The mean (SD) percentages of infected cells were similar after 2 hours of infection in both groups (55 ± 15% in SC infection and 47 ± 17% in CL). However, there was a significant decrease in the mean (SD) frequency of infected monocytes from individuals with SC infection (35 ± 8.6% [P < .05] and 12 ± 4% [P < .01] after 24 and 72 hours, respectively). In cells from patients with CL there was no difference (P > .05) in the mean (SD) frequency of infected monocytes at 24 hours (55 ± 22.5) and 48 hours (63 ± 28). At 72 hours there was a decrease (P < .05) in the frequency of infected cells (29 ± 7) ( Figure 4A ). To assess whether the decrease in the parasite load was related to Leishmania killing, we evaluated the viability of promastigotes in culture of infected monocytes from patients with CL and individuals with SC infection. The mean (SD) number of motile promatigotes in Schneider medium was higher in lysed monocytes from patients with CL (23 ± 6.4) than in those from subjects with SC infection (9.6 ± 16); P < .01. Although the percentages of infected cells were similar in the 2 groups after 2 hours of infection, the mean (SD) number of amastigotes per 100 cells at 2 hours in monocytes from individuals with SC infection was lower than that in patients with CL (55 ± 15 vs 175 ± 82, respectively; P < .05). Moreover, although in monocytes from subject with SC infection the number of amastigotes per 100 cells decreased significantly at 24 and 48 hours, in patients with CL there was a slight increase in the number of parasites in this period of time ( Figure 4B ).
DISCUSSION
Understanding how the infections behave in naturally exposed individuals who do not develop disease is crucial to determine the mechanisms behind the control of the infection and may contribute to vaccine development. Herein, we showed that evidence of both innate and adaptive immune response are markers of exposure to L. braziliensis, but control of the infection was due to the innate immune response. We extend our previous observation that IFN-γ production supplements the LST to detect exposure to infection, showing that the addition of measuring IFN-γ production to the LST increased the detection of L. braziliensis infection by 2.2-fold. The ratio of infection to disease was 3.2:1. Development of CL was more frequent among younger subjects, who were predominantly students. Furthermore, protection against the development of CL was associated with IFN-γ production rather than with a positive LST result. We also found that monocytes play a key role in the control of L. braziliensis infection. NK cells were the major source of IFN-γ in individuals with SC infection, and monocytes from these subjects were less permissive to the infection and control Leishmania growth more effectively than cells from those who developed CL.
In an area of Leishmania major transmission, it has been shown that a positive LST result was associated with a decrease in the incidence of CL [21] . In the current study, we showed that the incidence rate of CL in individuals who had a positive LST result is 6.2 times higher than the rate in those who had only IFN-γ production, indicating that evidence of IFN-γ production reduced the risk of developing CL by 85%. So, IFN-γ production early in the infection may participate in the control of parasite growth and thereby prevent the development of CL.
Several studies have shown that IFN-γ participates in the activation of phagocytic cells, inducing parasite killing [22, 23] , but there are several cell sources of IFN-γ [18, 24] . We found that all 3 T-cell subsets, CD56 + , CD4 + and CD8 + , produced this cytokine but size [14] . Moreover IFN-γ levels are higher in CL than in SC infection [3, 25] . Consequently it is likely that early in the infection IFN-γ production is related to protection, whereas in the late phase it is associated with disease. In CL due to L. braziliensis, virtually all patients have positive LST results and produce IFN-γ in vitro. The documentation that NK cells are the major source of IFN-γ in SC infection may also explain the only fair concordance between LST results and IFN-γ production in these subjects. In this setting the LST response may be related to T cells, whereas IFN-γ is produced by NK cells.
The killing of Leishmania is mediated by IFN-γ activated macrophages or cytotoxicity induced by CD8 + T cells or NK cells [26] [27] [28] [29] . However, in CL, although CD8 + T cells induce apoptosis of infected monocytes, Leishmania killing is impaired [18, 30] . NK cells may be inflammatory, regulatory, and cytotoxic. Therefore, studies should be designed to evaluate whether, in addition to being an important source of IFN-γ in SC, NK cells from these subjects have the ability to kill L. braziliensis. Leishmania induces a potent inflammatory response in macrophages. In a previous study, cytokine production and macrophage killing of L. braziliensis were compared between HCs with SC infection and patients with CL. Macrophages from subjects with SC infection were less inflammatory and have more ability to kill Leishmania than cells from patients with CL [31] . Moreover macrophages from individuals with SC infection are less permissive to Leishmania penetration than cells from patients with recurrent CL [32] , and in the current study we show that, although the frequencies of monocytes infected by L. braziliensis were similar in SC infection and in CL, there was a significant decrease in the percentage of infected cells at all time points. The low number of amastigotes 2 hours after infection indicates a decreased ability of L. braziliensis to penetrate in monocytes from individuals with SC infection. After 72 hours of infection there was a decrease in the frequency of infected cells in patients with CL, but this was probably due to the death of the cells and release of viable parasites. This study has several limitations. For simplicity, we analyzed only 1 chemokine value per subject rather than using survival analyses methods to incorporate the longitudinal data. Because immunologic evaluations were performed every 2 years, the exact time of exposure could not be determined. Indeed, because the knowledge of the role of immune response in the pathogenesis of CL has grown rapidly, some mediators that may play important roles in the development of the disease, such as metalloproteinases, type 1 IFN-γ, and interleukin 1β, were not evaluated. Nonetheless, we have made highly relevant observations. Specifically, we have demonstrated that IFN-γ production by NK cells and the ability of monocytes to control Leishmania were the defense mechanisms preventing subjects exposed to L. braziliensis from developing CL.
Notes
